Inspired by biology, chemists have created a plethora of synthetic adaptive or life-like materials with temporal control over structure and function by employing chemical and enzymatic reaction networks. These materials are endowed with unique features because of their out-of-equilibrium state, compared to conventional equilibrium systems that demonstrate thermodynamic stability.^[@ref1]^ Although nonequilibrium systems have been well studied, these are mostly related to structural changes, whereas systems with biomimetic self-adaptive function are less common. In this regard, fuel-driven functional operations under temporal control are thought to play a key role in bridging man-made materials and biology in terms of natural organization and function. For example, DNA-based systems have paved the way for the development of autonomous molecular walkers and nanomotors mediated by fuel and catalytic units.^[@ref2]^

Polymeric vesicles, or polymersomes, are versatile compartments that have been developed for a range of applications, including nanoreactors.^[@ref3]^ To regulate the transport of substrate across the polymer membrane barrier, stimuli-responsive polymersomes that can sense changes in the environment have been designed and constructed.^[@ref4]^

The bell-shaped pH-activity curve of urease coupled with its ability to produce base has provided a platform to attain temporal control over pH feedback systems.^[@ref5]^ Recently, we have shown the construction of a self-regulated and time-programmed "breathing" microgel that uses chemical fuels to keep the system in an out-of-equilibrium state.^[@ref6]^ Here we report an artificial organelle with precisely controlled adaptive dynamic behavior and enzymatic activity. The envisioned feedback-induced temporal control of the polymersome nanoreactors is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. Urease, which controls the pH change, and horseradish peroxidase (HRP), which acts as model enzyme, are encapsulated in the polymersomes. First, polymersome nanoreactors are dispersed in a high pH buffer. This causes the polymersomes to shrink due to deprotonation of the pH-sensitive polymers. In this situation, the nanoreactors are nonpermeable and substrates cannot pass the polymer membranes, giving rise to a nanoreactor "OFF" state (left). Addition of chemical fuel (HCl and urea) results in a fast pH decrease, thereby increasing the size of the polymersomes. The swelling leads to increased polymer membrane permeability, turning the nanoreactor in the "ON" state as the substrate is able to penetrate into the polymersomes (above). Over time, a gradual increase in pH occurs through the conversion of urea into ammonia. Thus, polymersomes return to their initial shrunken state and the enzyme catalysis automatically changes to "OFF" again. A continuous addition of chemical fuels to the system allows the "ON" and "OFF" process to be reversible.

![(a) Schematic overview of feedback-induced temporal control of polymersome nanoreactors. (b) Cryo-TEM images of polymersomes at pH 9.0 (left) and pH 5.0 (right). All scale bars are 100 nm.](ja-2018-02387p_0001){#fig1}

To realize this aim, amphiphilic copolymers consisting of poly(ethylene glycol) (PEG) and pH-responsive poly\[2-(diethylamino) ethyl methacrylate (PDEAEMA) were synthesized. Poly\[2-hydroxy-4-(methacryloyloxy) benzophenone\] (PBMA) was used as a photo-cross-linkable block, and a fluorescein group was introduced as a fluorescence read-out platform (Supporting Information, [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf), [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf) and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). Block copolymer mPEG~45~-*b*-P(DEAEMA~130~-*co*-BMA~12~-*co*-FMA~0.35~) was self-assembled into pH-responsive polymersomes by the nanoprecipitation method and subsequently cross-linked.^[@ref7]^ During the formation of polymersomes, HRP and urease were coencapsulated. Urease was labeled with Rhodamine-B (RhB) before encapsulation, which did not affect the high activity of the enzyme ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). From HRP's characteristic Soret band with a maximum at 403 nm^[@cit4g]^ and RhB's absorbance at 550 nm, the urease and HRP loading content was determined to be 25% and 14%, respectively, after disassembly of the polymersomes (Supporting Information, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). Asymmetric flow field-flow fractionation (AF4, settings in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)), was used to determine particle morphology. The ratio between the radius of gyration (*R*~g~) and the hydrodynamic radius (*R*~h~) was close to 1, indicative of vesicle formation ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)).^[@ref8]^ Transmission electron microscopy (TEM) and cryogenic TEM images of the polymersomes confirmed a vesicular structure at both basic and acidic conditions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} b, and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). Dynamic light scattering (DLS) measurements revealed an *R*~h~ increase from 102 to 183 nm when the pH was decreased from 9 to 5 ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). The average *R*~h~ was plotted against solution pH and reversibility upon pH variation was observed during multiple cycles of swelling and shrinking ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf), and [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)).

The feedback-driven pH regulation of the polymersomes was first investigated. The polymersome solution was brought to pH 9.0 (*N*-cyclohexyl-2-aminoethanesulfonic acid (CHES) buffer, 10 mM), under which conditions urease is inactive. Upon addition of a concentrated solution of urea and HCl, the pH of the polymersome solution was instantaneously brought down to 5.0, at which point urease was activated. This was reflected by a gradual increase in pH due to the conversion of urea into ammonia. The final pH value leveled off at approximately the original level, as the urease activity was self-diminished at high pH. By changing \[urea\] from 2 to 10 mM (urease level constantly maintained at 30 U/mL), the pH recovery time was decreased ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). More interestingly, the out-of-equilibrium situation was reinitiated by the repeated addition of chemical fuel over five cycles ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). The dynamic pH regulation behavior was also validated using fluorescence spectroscopy, as fluorescein incorporated in the polymersome membranes could change its fluorescence intensity concurrently with the change in pH ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, [Figures S11 and S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)).

![Plots of the (a) pH and (b) fluorescence intensity switch of the polymersome nanoreactor solution against time in a nonequilibrium cycle for different initial urea concentrations. The concentration of urease in the polymersomes is 30 U/mL.](ja-2018-02387p_0002){#fig2}

Next, polymersome size evolution upon addition of the acidic urea solution was investigated by DLS. As expected, the polymersomes first quickly increased to a maximum size of *R*~h~ = 182 nm, followed by an autonomous size recovery, until they finally reached the starting situation (*R*~h~ = 101 nm) ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). The spontaneous expansion and contraction of these polymersomes endows them with a "breathing" feature. In contrast to other reported "breathing" vesicles with changeable sizes,^[@ref9]^ our system follows a self-regulated mechanism. In addition, this polymersome size evolution process was perfectly modulated by varying concentrations of the substrate ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Thus, an increase in substrate gives rise to a decrease in the swelling lifetimes and an acceleration of the rate of polymersome "breathing". [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c shows average induction periods within five cycles. The expansion-contraction process was reinitiated with controllable lifetimes by urea supply over five cycles, and the pH and size modulations followed almost a similar trend during each cycle ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

![(a) Influence of the urea concentration on the size changes of the polymersome nanoreactor solution. Urea concentrations from top to bottom: 10, 8, 6, and 4 mM. (b) Average transient periods of polymersome "breathing" as a function of the urea concentration. (c) Reversible *R*~h~ changes of the polymersomes in time following repeated additions of chemical fuel (6 mM urea). (d) Average transient periods of "breathing" within five cycles (6 mM urea in all cases). Concentrations of urease in the polymersomes are 30 U/mL.](ja-2018-02387p_0003){#fig3}

As the self-regulated "breathing" behavior of the polymersomes is correlated to a temporal change in membrane permeability, these compartments are attractive as adaptive nanoreactors with automatically modulated catalysis. First, the effect of pH on the activity of free and encapsulated HRP was investigated, using an ABTS assay. As shown in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf), HRP displays pH-dependent activity, with a slight increase from pH 5.0 to 6.0, and a gradual decrease from pH 6.0 to 9.0. When HRP was encapsulated in the responsive polymersomes, nearly the same activity profile was observed in the pH range from 5.0 to 6.0. However, the HRP activity significantly dropped below 5% when the pH was increased above 6.5, while the corresponding free HRP activity remained above 40% ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). This enzyme activity difference between free HRP and encapsulated HRP can be ascribed to the pH-triggered polymersome permeability change. At high pH value, the PDEAEMA block is deprotonated, therefore the polymersome membranes are fully hydrophobic, and substrates cannot diffuse into the polymersome lumen. When the pH is below the p*K*~a~ (around 7.0) of PDEAEMA, the polymersome membranes change to a swollen and permeable state, which allows for the catalytic reaction to occur.

Next, we sought to develop dissipative polymersome nanoreactors with out-of-equilibrium catalytic behavior. For this purpose, polymersomes were loaded with both HRP and urease. Initially, the samples were incubated in pH 9.0 buffer, and no absorbance at 416 nm was observed, suggesting the catalytic "OFF" state due to the nonpermeable polymersome membrane. When acidic urea was applied to the system, the HRP enzymatic reaction first became activated and subsequently turned dormant ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). This self-controlled catalysis behavior of the nanoreactors was caused by the temporally programmed "breathing" feature and permeability modulation of the polymersome membranes.

![(a) UV absorbance at 416 nm of the oxidation of ABTS by nanoreactors upon the addition of different concentrations of urea. (b) Lifetimes (black line) of the nanoreactor "ON" state and relative yield (red line) as a function of urea concentration. (c) Reversible nanoreactor "ON--OFF" modulation in time following repeated additions of 6.0 mM urea. Experimental conditions: Urease, 30 U/mL; HRP, 10 U/mL; ABTS, 8 mM; H~2~O~2~, 5 mM.](ja-2018-02387p_0004){#fig4}

As the concentration of urea determines the lifetime of the membrane shrinking and swelling process, we reasoned that we could tune the yield of the ABTS oxidation process. Samples with different urea concentration (4, 6, 8, and 10 mM) underwent a gradual increase in the absorbance at 416 nm after addition of chemical fuel, which leveled off to a constant value. The higher the concentration of urea, the faster the catalysis reached its end point. Most interestingly, an approximately linear relationship between the concentration of added urea and the nanoreactor "ON" lifetimes as well as the final yield was observed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).

As this fuel-driven temporal nanoreactor is in principle a switchable process, the self-adaptive cycle was refueled by the consecutive introduction of urea. In a control experiment where the free HRP-based enzymatic reaction was performed, the absorbance over time (60 min) at 416 nm was linear, which confirms that the amount of substrate is not limiting in the study ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). Identical to polymersome swelling and shrinking behavior, three consecutive nanoreactor "OFF--ON--OFF" cycles could be achieved, supporting the above mechanism of feedback-driven membrane permeability modulation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). We need to note, however, that the efficiency of the self-regulated catalytic reaction decreased after three cycles, whereas the reversible polymersome expansion and contraction could be performed for at least six cycles. The reversible pH changes of the enzyme-filled polymersomes in the presence of ABTS clearly shows that the product of the HRP reaction does not have an effect on the lifetime of the polymersome nanoreactors ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf)). So, one possible reason is that the activity of HRP is affected by continuous pH regulation and accumulation of waste (ammonia and CO~2~).

In summary, we have presented a self-adaptive polymersome nanoreactor that drives a catalytic reaction out-of-equilibrium by temporal control of the permeability of the polymersome membranes. This is achieved by implementing the urease-based pH feedback system in HRP-filled polymersomes, which induces "breathing" behavior in the nanoreactor. Compared to the previously reported classical nanoreactors that operate in a thermodynamically controlled one-way transition, the nonequilibrium nanoreactor functions with an "ON--OFF" switch in a biocatalytically controlled fashion. Hence the catalytically active period of HRP in the nanoreactors is governed by the amount of substrate present to steer the urease cycle, and the reversible nature is demonstrated for several cycles by refueling the system. The principle of feedback-induced temporal control of nanoreactors is an important addition to the area of nonequilibrium systems. We anticipate that the basic design rules in this work will promote engineering of artificial organelles with adaptive features.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.8b02387](http://pubs.acs.org/doi/abs/10.1021/jacs.8b02387).Synthesis, methods, and supporting data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02387/suppl_file/ja8b02387_si_001.pdf))
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